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I n t r o d u c t i o n

One of the great problems of geology is the explanation of the differ
ences between the climate of the present and that of the past. Today 
there are great contrasts from zone to zone and from season to season. 
During much of the past there was relative uniformity from latitude to 
latitude and from summer to winter. Doubtless many factors helped 
bring about this change. One factor that appears not to have been dis
cussed, however, is increased salinity of the ocean. There is a general 
agreement among geologists that the ocean has become increasingly saline 
throughout the ages. Indeed, calculations of the rate of accumulation 
of salt have been a favorite method of arriving at estimates of the age of 
the ocean and hence of the earliest marine sediments. So far as known, 
however, no geologist or climatologist has discussed the probable climatic 
effects of increased salinity. Yet it  seems clear that an increase in 
salinity must have a slight effect on climate, and may possibly help to 
explain some of the puzzling facts of earth history.

S a l i n i t y  d e c r e a s e s  E v a p o r a t i o n

The change from a slight salinity, when the ocean was young, to the

1 M a n u sc rip t received  by th e  S e c re ta ry  o f th e  Society  Ju ly  6, 1921.
2 In tro d u c e d  by E l lsw o r th  H u n tin g to n .
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present salinity of 3.5 per cent would help produce zonal and seasonal 
extremes chiefly in three ways:

Increased salinity reduces the rate of evaporation. According to the 
experiments of Mazelle and Okada, as reported by Kriimmel, evaporation 
from ordinary sea-water takes place from 9 to 30 per cent less rapidly 
than from fresh water, under similar conditions. (The difference in the 
percental effect of salinity depends largely on whether the water is stirred 
by winds or not.) Hence increased salinity during geologic time has 
reduced evaporation, and thus, doubtless, has lessened the amount of 
water vapor in the air. The water vapor in the air is the chief blanketing 
agent. Reduction in the blanketing effect of the atmosphere means more 
severe diurnal and seasonal range of temperature and greater contrast 
from zone to zone.

S a l i n i t y  l o w e r s  t h e  f r e e z i n g  P o i n t

Increased salinity also means a lower freezing temperature of the 
ocean. The present salinity of about 3.5 per cent lowers the freezing 
point of the ocean from 32 degrees Fahrenheit almost to 28 degrees 
Fahrenheit. I f the ocean were fresh and our winters as cold as now, all 
the harbors of New England and the Middle Atlantic States frequently 
would be icebound. The North Sea would also be frozen frequently and 
the British Isles occasionally locked in ice, and in subpolar latitudes the 
area of permanently frozen oceans would be much enlarged. The indirect 
effects of the lower freezing point of saline than of fresh water are even 
more significant than the direct effects.

One direct effect of the low freezing point of saline water is that the 
open ocean in high latitudes is now cooled below 32 degrees Fahrenheit 
in winter. Indeed, the temperature of the entire ocean is probably dis
tinctly lower now than it would be if the ocean were less saline. This is 
because an unfrozen sea loses its heat to the air fairly rapidly, while one 
covered with widespread ice-floes in high latitudes loses heat much more 
slowly, for ice is an excellent non-conductor of heat. If the ocean were 
much fresher than now and the climate as cold, ice-floes would be much 
more widespread than now. Widespread climatic consequences seemingly 
result from the lower ocean temperature induced by the free radiation of 
heat from the open water to the cold air above. Since a liquid’s capacity 
for holding gas in solution varies inversely as the temperature, the ocean 
is able to absorb and hold considerably more atmospheric C 02 now than it 
could if  it were not so cold. Certain data suggest that if the ocean were 
warmed to an average of only 2 degrees Fahrenheit above its present



temperature, its capacity for holding C 02 in solution would be sufficiently 
reduced so that it would give up enough of its abundant supplies of this 
gas to the air to double the present atmospheric amount. The climatic 
significance of atmospheric C 02, while probably not as great as some have 
thought likely, nevertheless certainly is appreciable. Even Humphreys3 
admits that a doubling or halving of the C 02 content of the air would 
produce directly a temperature change of about one-fifth of that esti
mated to have occurred since the height of glaciation. The indirect 
effects of changed C 02 content of the air are certainly greater than the 
direct.

A second indirect effect of the lower freezing point produced by in
creased salinity also springs from the fact that less of the sea is ice-cov- 
ered, but it depends on the effect of the ice on air temperatures instead 
of on water temperatures. When the sea is ice-covered it gives up prac
tically no heat to the air and becomes, to all intents and purposes, a land 
surface. As a result, continents bordered by an ice-covered sea become 
much colder in winter than lands bordered by an open sea. This is due 
not only to their receiving less heat, but because they lose far more quickly 
whatever heat they may have left from the supply received frcm the sun 
the preceding autumn. When the wind blows from an open ocean in 
winter it causes a fog and clouds on the adjacent lands, and these hold 
in the heat. If a coast is ice-bound, the belt of fog and cloud is pushed 
seaward, and the cloudiness on the continent diminishes and the heat is 
radiated away .far more quickly than when the sky is cloud-covered. 
With decreased cloudiness, snowfall would decrease on the lands. The 
summers of the Arctic Ocean are now kept exceptionally cold by the snow- 
mantled ice, with its great reflection of sunlight and its large absorption 
of heat in melting.

Furthermore, because of the low temperatures, anticyclonic conditions 
prevail, with the result that the winds usually blow radially outward 
from the ice-covered portions.4 When the oceans were fresher than now, 
this effect must have been magnified, with a consequent diminution of 
polar and subpolar snowfall in summer as well as winter. This means 
that under given conditions of temperature, land distribution, and so 
forth, the ice-covered portion of the ocean was greater, and hence the 
possibilities of precipitation at high latitudes were less with the less

3 W. .T. H u m p h rey s  : P h y s ic s  o f th e  a ir , 1020, p. 607.
4 0 . E . P . B ro o k s : T h e  m eteoro log ica l co n d itio n s  o f a n  ice-shee t an d  th e ir  h e a r in g  on 

th e  d esicca tion  o f th e  globe. Q u a rt. J o u rn . R oyal M eteorol. Soc., vol. xl, 1914, pp. 53-70.
W. IT. H o b b s : C h a ra c te r is tic s  of e x is tin g  g lac iers , 1911. T he ro le  o f th e  g lac ia l 

an ticy c lo n e  in th e  a ir  c irc u la tio n  of th e  globe. P roc. Am. P h il . Soc., vol. liv , 1915, pp. 
185-225.
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saline seas of the past than at present. This condition, coupled with the 
fact that evaporation, a cooling operation, is favored by the absence of 
salt, may have been one reason why, when for some reason it was cold 
enough on the earth for glaciers to be widespread, the glaciated areas of 
the earlier ice ages, such as the Proterozoic and Permian, were located 
farther south than were the ice-sheets of the recent Glacial period. If the 
ocean were ice-covered down to middle latitudes, a lack of glaciation in 
high latitudes would not be any more surprising or harder to explain 
than is the lack of Pleistocene glaciation in the northern parts of Alaska 
and Asia. In both cases the coldness of the ice-sheet of lower latitudes 
apparently induced prompt condensation of the wind-borne moisture. 
Hence not enough moisture was carried into higher latitudes to produce 
glaciers there.

It is not known how saline the ocean was at any given time in the past, 
but the fact that salt deposits are lacking in the rock formations before 
the Paleozoic, according to Barrell,5 suggests that in the Proterozoic it 
was decidedly less than now. Schuchert surmises that the salinity of the 
Proterozoic was perhaps 1 per cent instead of the present 3.5 per cent.

S a l i n i t y  a f f e c t s  t h e  E a t e  o f  d e e p - s e a  C i r c u l a t i o n

The third great eifect of the lower salinity of the past than at present 
is on the deep-sea circulation of the ocean. The vertical circulation is 
now dominated by cold water from subpolar latitudes. All but the sur
face of the ocean is almost freezing cold, because cold water sinks in high 
latitudes by reason of its greater density, due to its low temperature. It 
then “creeps” to low latitudes, where it  rises and replaces either the 
water moved poleward by surface currents produced by the trade winds 
or that which has evaporated from the surface. During past ages, when 
the sea-water was less salty than at present, the circulation was pre
sumably more rapid than now. This is because in tropical regions the 
rise of cold water is interfered with by the sinking of warm surface water, 
which is relatively dense because evaporation has removed part of the 
water and caused an accumulation of salt.

According to Kriimmel and Mill,6 the surface salinity of the subtrop
ical belt of the North Atlantic commonly exceeds 3.7 per cent and some
times reaches 3.77 per cent, whereas the underlying waters have a salinity 
of less than 3.5 per cent and locally as little as 3.44 per cent. The other 
oceans are slightly less saline than the North Atlantic at all depths, so
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5 J .  B a r r e l l : T h e  o rig in  o f th e  e a r th ,  in  L u ll a n d  o th e rs  : T h e  evo lu tion  o f th e  e a r th  
a n d  i ts  in h a b ita n ts ,  1918, p. 32.

6 T h e  ocean . E n cycloped ia  B rita n n ic a , 1 1 th  ed ition .
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the vertical gradients along the tropics are similar. According to the 
“Smithsonian Physical Tables/’ the observed difference in salinity of 
surface and underlying water is equivalent to a difference of .003 in 
density, where the density of fresh water is taken as 1.000.

Since the decrease in density produced by warming water from the 
temperature of its greatest density (4 degrees centigrade) to the highest 
temperatures which ever prevail in the ocean (30 degrees centigrade or 
86 degrees Fahrenheit) is only .004, it is evident that the more saline 
surface waters of the dry tropics now are only a trifle less dense than the 
less saline but colder waters beneath the surface. During the days of 
especially great evaporation the most saline portions of the surface waters 
in the dry tropics are denser than the underlying waters, and therefore 
sink and produce a temporary local stagnation in the general circulation. 
Such a sinking of the warm surface waters is reported by Kriimmel as 
observable by the sudden rise of temperature it produces at considerable 
depths. If such a hindrance to the circulation did not exist, the velocity 
of the deep-sea movements certainly would be greater than at present.

If in earlier times such more rapid circulation occurred, low latitudes 
were cooled more than now by the rise of cold waters, and at the same 
time high latitudes were warmed by a greater flow of warm water from 
tropical regions. In that case there was less contrast in climate between 
the different latitudes. Hence, in so far as the rate of the deep-sea cir
culation depends on salinity, there apparently has been an increase in the 
contrasts from latitude to latitude. Thus increased salinity during geo
logic history helps a little to explain the well established fact that during 
most of the past the climatic contrast between tropical and subpolar lati
tudes has been less than at present.

Though the process of adding salts to the ocean has presumably gone 
on at all time, two sorts' of conditions may have temporarily hastened it, 
and thus intensified whatever slight climatic effect increased salinity may 
have produced. At times of continental glaciation, the average salinity 
of the ocean is increased to the extent that the ocean level is lowered to 
supply the water necessary to form the glaciers. It has been calculated 
that the accumulation of the Pleistocene ice-caps lowered the ocean more 
than 200 feet; perhaps as much as 300 feet. The salts in this amount of 
water would be added to the remaining ocean water and would increase 
its salinity by about 2 per cent (from 3.5 per cent to 3.57 per cent), and 
to that extent would tend to slow up the deep-sea circulation.

An emergence of the continents would be accompanied by rapid ero
sion, by a lowering of the level of ground-water, and by the transfer to 
the ocean of part of the vast quantities of salt and other soluble mineral



matter winch had accumulated in the soil and subsoil on the lands when 
they were only slightly above sealevel. I f widespread glaciation should 
accompany or follow extensive uplift, as it did in the Proterozoic, Per
mian, and Pleistocene, the rate at which salts were added to the ocean 
would be increased by both these agencies at about the same time. While 
uplift and glaciation were increasing the amount of mineral matter 
brought to the ocean in solution by the rivers, the rate of withdrawal of 
mineral matter from solution would probably be lessened. At present 
the calcareous and siliceous materials, which form a large part of the 
mineral matter carried to the sea by the rivers, but only a minor part of 
what is generally called the salines of the ocean, are rather promptly 
removed from solution, perhaps chiefly through the activity of the marine 
animals and plants, which use these minerals for their shells and supports.

Restriction of the area of the continental shelf accompanying conti
nental emergence and the accumulation of extensive ice-caps would doubt
less greatly reduce the number and average size of shell-secreting marine 
organisms', for most of them live in shallow water, on the continental 
shelf. Furthermore, the lower coastal temperatures accompanying gla
ciation would probably make the remaining animals less active in shell 
formation. I f  so, lessened withdrawal of salts would cooperate with an 
increased supply to cause the salinity of the ocean to increase rapidly 
during glacial periods.

P o s s i b i l i t i e s  o p  a  r e v e r s a l  i n  D i r e c t i o n  o f  t h e  d e e p - s e a  

C i r c u l a t i o n

Under the conditions set forth in the preceding paragraph, and perhaps 
under certain others, the salinity of the ocean as a whole, or of its warmer 
portions, may have been temporarily greater than now, and thus the more 
saline warm water of the dry tropics would become more dense than the 
colder but less saline waters of subpolar latitudes. If so, the reversal in 
direction of the deep-sea circulation suggested by Chamberlin7 may have 
occurred. One result of such a reversal would be that lands in the higher 
latitudes would be warmed much more effectively by winds blowing from 
the sea than before the reversal took place. If  such a reversal was brought 
about by the consequences of uplift and glaciation, described in the fore
going paragraph, conditions for continued glaciation would seemingly be 
made less favorable. Indeed, a reversal might bring the glaciation to a 
close.
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ogy, vol. 14, 1906, pp . 363-373.



As one of the particularly interesting problems connected with glacia
tion is the question as to what agency or agencies brought the several 
Glacial epochs to a close, it is worth while to consider briefly the data 
bearing on the question of reversal of deep-sea circulation. Such a re
versal may never have occurred, and it is at least very doubtful if it was 
the chief cause for the retreat of the glaciers. However, the possibilities 
should not be ignored. The close balance between the forces maintain
ing the present type of circulation and those tending to produce a re
versal is therefore worth pointing out.

At present the average salinity of the ocean is 3.5 per cent, giving a 
density of about 1.026, fresh water being 1.000. The most saline sam
ples of the open ocean taken by the Challenger Expedition had a salinity 
of 3.74 per cent, giving a density 'of about 1.028. The somewhat less salty 
surface waters of the open ocean in high latitudes are reported to have a 
density of 1.024. Thus the observed range in density due to salinity is 
.004 in favor of the tropics. A change in temperature from 4 degrees 
centigrade, the temperature of greatest density of fresh water, to 30 de
grees centigrade (86 degrees Fahrenheit) produces a change of density of 
exactly the same amount, .004, according to the “Smithsonian Physical 
Tables.” Hence the most extreme cooling now experienced has no more 
influence on density than the observed difference in density due to 
salinity.

If the contrast in density between low and high latitudes were in
creased slightly, the tropical waters would become distinctly more dense 
than the most dense subpolar waters, and hencr: a reversal would be 
probable. Such an increased contrast might result either if tropical 
waters were more dense than now, as they would be if the average salinity 
were increased, or if the rate of tropical evaporation were increased. It 
would also result if the subpolar surface waters were less dense than now, 
as they would be if subpolar regions were not so cold as now or if there 
were more precipitation in high latitudes.

The probable increased steadiness and strength of the southwesterly 
winds, suggested by Huntington8 as probable during times when cyclonic 
storms are few, would have warmed high latitudes and would also have 
reduced evaporation, thereby increasing fogginess and cloudiness. Pre
cipitation would probably increase with cloudiness and fog.

If at any time in the past the deep-sea circulation was of the reversed 
type during a long period, the presence of magnolias, cycads, and sequoia 
found fossilized in northern Greenland in Miocene rocks, the tree-ferns
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and breadfruit found in western Greenland, and several other puzzling 
questions of paleoclimatology would be easily explained, for such a deep- 
sea circulation would mean that vast quantities of tropical warmth would 
be transferred to high latitudes beneath the surface without loss en route.

However, there is no direct evidence that an actual reversal has ever 
taken place. Indeed, Chamberlin, who first suggested the possibility of 
a reversal, offered it merely as an interesting possibility. Nevertheless, 
a change in the salinity of the oceans must apparently have had some 
distinct effects. Though these may "have been small, they are not to be 
neglected in any complete study of the climate of the past.
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